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INTRODUCTION 
The ultrasonic immersion technique, using a water coupling medium, is now a 
standard method for the non-destructive inspection of anisotropic composite materials. 
Using a goniometer to investigate a composite material in any direction of propagation, their 
anisotropic elastic 1,2 or viscoelastic 3,4 properties can be determined. A comparative 
analysis of the through-transmission ultrasonic bulk wave methods was recently published 
by Y.C.Chu and S.I.Rokhlin 5. 
In a conventional system, ultrasonic piezoelectric transducers are coupled to the 
material using a liquid which has an acoustic impedance of the same order of magnitude as 
the sample. The ratio between solid and fluid impedances is rarely greater than 10, whereas 
the ratio is approximately 10,000 between solid and air. However, there are many cases for 
which it is important to eliminate the liquid coupling medium, for instance in presence of 
high temperatures, porous materials etc. 
There has been a lot of recent interest in the use of air-coupled transducers. There are 
two popular designs of transducer for this purpose, using either a piezoelectric device with a 
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matching layer for air 6 or an electrostatic (capacitance) device 7-10. Work has been presented 
to illustrate the use of both types of device for performing measurements on composites 
6,11,12. The present work is based on a recent design of capacitance transducer 
incorporating a micromachined silicon backplate 9, which has an extended bandwidth over 
other capacitance devices and piezoelectric designs, a property that is required in the present 
set of measurements. As will be shown, the combination of sensitivity and bandwidth 
facilitates the generation and detection of bulk plane waves. It will be demonstrated that such 
signals can be used with the relevant simple Christoffel's equations and associated 
procedures to recover the elastic properties of a fiber-reinforced composite sample. 
In an orthotropic material, stresses O'j and strains Ej are linked by six linear relations 
O'j = CjjEj which define the stiffness matrix Cjj with nine independent constants. Orthotropic 
materials have three planes 13 of symmetry. Composite materials made of superimposed 
plies 14 are shaped like a plate, which defines the principal plane P23 [see Fig.l]. 
Using an immersion technique, it is possible to measure seven of these constants in 
two planes of symmetry and the two others in an another plane, if the plane P23 is 
anisotropic enough. However, in this paper, the analysis is restricted to only the two planes 
of symmetry P12 and Pl3 (the directions 1,2 and 3 are labeled on the Fig. 1). 
Conventionally, the elastic properties of composites are measured using a system where the 
angle of incidence onto the plate can be changed using an accurate goniometer. The 
transmitted waveforms through the plate-shaped sample are acquired and compared to a 
reference waveform recorded without the sample. The sample is immersed in the coupling 
medium between two ultrasonic transducers, this usually being water. A cross-correlation is 
then used between the reference waveform and that through the composite, for both 
longitudinal and shear modes, to measure velocities as a function of incidence angle. 
SL 
Cjj = 
Cll C12 Cl3 0 0 0 
C22 C23 0 0 0 
C 22· C 66,C 12 
C33 0 0 0 
C 44 0 0 
Sym C55 0 
C66 
Fig. 1 Axis and planes of symmetry in long fibers composite materials. 
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It is interesting initially to compare the problems associated with using air coupling 
instead of water. The wave velocity in air is about five times less than in water, and as a 
result the changes in time of flight caused by introducing the sample are much greater, when 
compared to the fluid-only path. Moreover, the use of air-coupled transducers reduces the 
angular range over which signals can be recorded. According the Snell-Descartes' laws, the 
limit angles will be about five times smaller with air than with water and the transducers can 
be placed much closer. Therefore, the accuracy of the time of flight measurement can be 
greatly enhanced. This is a supplementary advantage of this contactless method. The main 
disadvantage of using air-coupled transducers when compared to water immersion is that the 
amplitude of transmitted wavefonns is decreased by at least three orders of magnitude. In 
addition, the bandwidth of the measurement is somewhat restricted ('" 1 MHz in the present 
measurements). 
Despite the above limitations, recent publications 8,9,12 have shown that the signal to 
noise ratio is now large enough to use air-coupled transducers in non-destructive evaluation 
of composite materials and one purpose of this paper is to demonstrate that the limited 
frequency bandwidth is not an obstacle to observing separate longitudinal and shear 
transients in composite materials. 
APPARATUS AND EXPERIMENT 
The experiments used the usual arrangement for elastic constant determination, 
modified for use in air as shown in Fig. 2. The sample was mounted on a high precision 
goniometer stage, with an angular resolution of 0.1°, and the air-coupled transducers 
mounted to perfonn through-transmission experiments as shown. The transducers, 
capacitance devices with micromachined silicon backplates and metallized polymer 
membranes, have been described elsewhere 9. The source was excited by a Panametrics 
5052 UA pulser/receiver, and transmitted signals detected using a similar device with a 
thinner (3 microns) membrane. This was provided with a d.c. bias via a Cooknell CA6/C 
charge amplifier, whose output was fed back into the receiver section of the 5052 UA unit to 
boost signal levels. The amplified signal was then digitized using a LeCroy 9410 
oscilloscope. The whole data collection and processing operation was controlled by an Apple 
Macintosh computer. Note that refraction effects, leading to sideways displacement of the 
transmitted beam, were also taken into account automatically by scanning the receiving 
transducer laterally by an appropriate amount, as shown. 
A typical wavefonn transmitted from the source to transmitter in air, without the 
sample present, is shown in Fig. 3(a). Note the absence of ringing associated with 
piezoelectric devices, and that the signal level was several volts in amplitude. The 
corresponding frequency spectrum is shown in Fig. 3(b), and it is clear that usable energy 
extends to frequencies beyond IMHz. 
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Fig. 2 Set-up to investigate a material in through transmission. 
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Fig. 3 (a) Experimental reference waveform in air (b) Corresponding spectrum 
With the sample to be tested inserted between source and receiver, the signal level 
dropped significantly, with a signal to noise level that necessitated some signal averaging 
(typically 1000 sweeps) to obtain a reasonable signal. In the present work, the tested 
material was a 5.7 mm thick [0,90]8s glass fiber cross-ply composite sample, with an epoxy 
matrix and 32 fiber layers aligned in the 0° and 90° directions. It was tested over a range of 
incident angles in air, typically up to 12°. 
RESULTS 
Measurements were performed in air for the glass fiber/epoxy sample, and the results 
are shown in Fig. 4 and 5 . The signal contains discrete longitudinal multiple reflections, and 
these can easily be separated. It is now interesting to observe the changes in the waveform 
that occurred when the glass fiber sample was rotated, so that oblique incidence could be 
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studied. Selected wavefonns are presented in Fig.5 for plane P12 (as defined in Fig.l), for 
incident angles of 4°,4.5° and 5°. 
As in the nonnal incidence case, it is expected that the main difference between water 
and air immersion is the influence of the interface transmission coefficients. This is well 
illustrated in the Fig.6, which shows the amplitude of the first bulk arrivals transmitted 
through the [0,90 ]ss composite versus the angle of incidence 3. 
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Fig. 4 Nonnal incidence experimental wavefonn in the glass fiber reinforced sample 
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Fig. 5 Experimental wavefonns in the [0,90 ]ss glass fiber sample for incident angles of 
4.0°,4.5° and 5.00 
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Here, the modes of interest are the quasi-longitudinal (QL) and quasi-transverse (QT) 
modes. When this material is immersed in air, the amplitude is about 3500 times less than 
the amplitude expected in water. In addition, the first critical angle is at less than 5° in air, 
and energy is not expected to propagate through the sample at angles beyond 14° (assuming 
plane wave incidence). For water coupling these angles are much greater. 
The method for determining the elastic constants (Cij 's) has been investigated by 
comparing the results likely to be obtained in water with those determined in air. This was 
done for the same 5.7 mm thick glass fiber/epoxy [0,90]ss sample as before, containing 32 
plies and with a mass density of 1.8. 
A preliminary experiment has been conducted, using the precision goniometer stage 
of Fig.2, to investigate this further. A series of 17 waveforms was collected over an incident 
angular range of 0° -12°, and used as input to the software for velocity reconstruction. This 
experiment was repeated several times, and the repeatability was seen to be excellent. The 
experimental amplitudes (Fig. 6) , at 0.5 MHz, show of course a larger dispersion than 
using water immersion 3. For each waveform, a time window was used to define the first 
arrival of the QL or QT mode, and a cross-correlation performed with the reference 
waveform of Fig.3( a) to give the time of flight. From this information, the velocity of either 
mode could be determined for selected directions of propagation through the composite, and 
the results from this experiment are shown in Fig.7. 
It is evident from Fig.7 that the QL and QT velocity data (shown as the data points) 
are well-behaved, and that each mode was well separated in velocity. Also shown is the 
result of the optimization procedure, which has determined the values for the relevant Cij 
coefficients to give the best fit lines plotted on the figure. 
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Fig. 6 Relative (to the reference) amplitude of the first transmitted bulk mode through 
[0,90]ss composite material.( Experimental amplitudes in air and water at 0.5 MHz). 
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Fig. 7 Velocities of the QL and QT modes in the [0,90]8S sample. 
Horizontal axis: direction 1; vertical axis direction 2 or 3. 
Table 1. Cij values (in GPa) for the [0,90 ]8S sample. 
Cll C22 C66 C12 
In water 13,8 30 3.5 8.5 
In air 13 31 3 8 
The values obtained to produce the best fit lines to the experimental data in Fig.7 are 
presented in Table 1. These can be compared to the values identified from a water coupled 
experiment that are seen to be very close (Table 1). From this comparison it may be 
concluded that the air-coupled experiment has produced excellent estimates of elastic 
constants for this anisotropic composite material. 
Note that the purpose of this paper is to show the feasibility of the Cij measurement 
with air-coupled transducers, and the precision of the measurements will be discussed in 
future papers. Nevertheless, the results in Table 1 deserve comment. From Fig. 7, it is 
evident that the velocity measurements fit the reconstructed velocities from the Cij values 
very well (the standard deviation is 0.6%). Of course this is reached because the waveforms 
were averaged 1000 times and the signal/noise ratio shown in Figs. 4 and 5 is no worse than 
the signal/noise ratio of a water immersion system. Moreover, the majority of the noise is 
outside the useful bandwidth « 1 MHz) and it is easy to filter out this noise when using a 
classical cross-correlation algorithm 2 to measure the times of flight. 
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It is important to note that in the 1 direction, the stiffness is mainly influenced by the 
matrix and is strongly frequency-dependent. We measured the Cll value in the water 
immersion system with transducers at 2.25 MHz and 0.5 MHz central frequencies. The 
results were respectively 16.5 and 13.8 GPa. In this direction, results are strongly 
dependent on the frequency content which is lower when using air coupled transducers, 
where the C 11 value is approaching the static value. The study of this anisotropic frequency 
dependence is now underway and will be described in future publications. 
CONCLUSIONS 
In this paper, it has been demonstrated that it is possible to measure the elastic 
properties of anisotropic materials such as composites with air-coupled transducers. It has 
been demonstrated that it is possible to record waveforms over a wide range of incident 
angles. 
A preliminary experiment has shown that it is possible to obtain good estimates of the 
Cij elastic constants for a glass fiber reinforced sample. The non-contact aspect is very 
useful if elastic constants need to be followed in situ during a long-term experiment, such as 
the effect of stress on a material, at elevated temperatures etc. It may also be the case that air 
coupling leads to an increased accuracy of Cij estimation. 
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